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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-426

RANGE OF INTERFACE THERMAL CONDUCTANCE FOR
AIRCRAFT JOINTS

By Martin E. Barzelay
SUMMARY

As an extension of previous experimental investigations more than
100 sluminum-alloy and high-temperature-alloy structural-Jjoint specimens
consisting of a stringer Joined to a skin surface were tested under

simulated aerodynamic heating conditions. Interface thermal conduct-
ance was determined from transient temperature records.

Most of the specimens were made geometrically identical and of the
same aluminum alloy in order to take into account manufacturing vari-
ability (including interface cleanliness condition) and the effect of
many different types of fastenings (including those whose torque was
varied as part of the investigation). In addition, other specimens
were designed to account for changes in skin thickness, for the use of
sandwich materials at the interface, and for different materials in
skin and stringer.

The heat input was nearly constant during any given test at values
which ranged from approximately 3,500 to 140,000 Btu/(sq ft)(hr). Mean
interface temperatures as high as 600° F were achieved during the tran-
sient heating. Tests lasted up to 5 minutes in some cases, but most of
the tests were conducted during a period of less than 1 minute., In
testing the effect of heating history the shortest interval between
tests was 15 minutes and the longest was 104 days.

Interface-conductance values ranged from approximately 80 to

2,150 Btu/(sq ft)(hr)(°F).

The interface conductance showed a considerable range of vari-
abllity for seemingly identical specimens even when specimens were
manufactured under controlled laboratory conditions. The rate of heat
flow into the specimen had a major effect on interface conductance as
did the type of connection used for fastening the skin to the stringer.
The interface conductance was found to be independent of heating his-
tory as defined by the length of time between tests,



INTRODUCTION

The previous experimental investigations of references 1 to k4
demonstrate that the value of thermal conductance across a joint inter-
face involves many material and manufacturing variables which form com-
plicated, even 1f determinate, relationships. Thus realistic and prac-
tically applicable interface-conductance values must be found from
experiments on actual Jjoint samples.

It has been recognized for some time that joint thermal conduc-
tivity can have an important effect on temperature and thermal stresses
in aerodynamically heated aircraft structures. The work of reference 5,
for example, points out some of these effects. In their introduction
the authors say: "Transient thermal stresses produced by aerodynamic
heating of supersonic aircraft may result in buckling, warping, flutter,
loss of stiffness, or other deleterious effects which might seriously
penalize the performance of the ailrcraft. In order for the designer to
eliminate or minimize these effects, he must know how the thermal
stresses are affected by such factors as flight conditions, materials,
and the presence of structural discontinuities such as joints. At
present, little information is available concerning the effects of
Joint conductivity on the thermal stresses; such information is needed
for the alleviation of these thermal stresses and their accompanying
undesirable effects.”

More recently attention has been focused on interface conductance
by reference 6. It was concluded by the authors that ". . . normal
fabrication techniques can produce joints or such poor conductivity as
to cause the temperature differences to increase markedly over those
of an integral structure," Even more startling was the dynamic failure
of a test wing, apparently due to the adverse effect of Joint conduc-
tivity. One need not labor the point further that Jjoint conductivity
must be given attention as a major parameter in the design of heated
aircraft structures.

Early efforts in the field of interface conductance were directed
toward finding the effects of basic parameters such as surface rough-
ness, temperature, and pressure on a simple clearly defined interface.
These early efforts were then extended to provide reallstic and practi-
cal values for some of the more commonly used types of aircraft Jjoints,
taking into account factors such as rivet diameter and pitch, skin
thickness, and geometry. -Pertinent data are given in the listed
references.

In order to extend these efforts further the present report pre-
sents 1lnterface-conductance data for a common type of skin-stringer
construction under a range of conditions of the interface (including
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sandwiches), with many types of connections and for several skin thick-
nesses. The effects of heating history and of rate of heating are a
part of the presentation.

Most important, a study is made of the effect of manufacturing
variability on interface conductance, that is, a study of the range of
variability of seemingly identical Joints which can lead to failures
of the type alluded to above.

Test specimens were supplied by Bell Aircraft Corp., Glemnn L.
Martin Co., Northrop Aircraft, Inc., and Republic Aviation Corp. to
encompass as wide a range as possible of manufacturing techniques,
types of materials, and connections; also, some specimens were manu-
factured at Syracuse University. This investigation at Syracuse
Universlty was sponsored by and conducted with the financial assistance
of the National Advisory Committee for Aeronsutics,

The author wishes to thank Mr. John W, Schaefer, Mr. Andre}s Saule,
and Mr. Peter Gazzara for their assistance in the test program.

SYMBOLS
A cross-sectional area of stringer, sq in,
c specific heat, Btu/(1b)(°F)
e distance to rivet center line, in.
h interface thermal conductance, Btu/(sq £t)(hr)(°F)
hy interface thermal conductance parameter for sandwich material,
hty
ki
k conductivity, Btu/(hr)(£t)(°F)
Ky conductivity of interface sandwich material, Btu/(hr)(ft)(°F)
le length of flange in cross section, in.
Iy length of web in cross section, in.

P rivet pitch, in,




Q heat flow into specimen, Btu/(sq ft)(hr)

q heat flow across interface, Btu/(sq ft)(hr)

T temperature, O

Tm mean interface temperature, OF

AT temperature drop across interface, °F

ta thickness of flange, in. g
ty thickness of interface sandwich material, in. g
ts skin thickness, in.

W specific weight, 1b/cu ft

6 time, sec .
¢ dimensionless mean temperature parameter, T, E%; .
¢i dimensionless mean temperature parameter, T %%I

DESCRIPTION OF TEST APPARATUS

A general view and a closeup view of the test apparatus are shown
in figures 1 and 2. The heating bank consisted of 24 parallel General
Electric No. 1000T3 quartz lamps on 1/2-inch centers with a radiating
area of 10 by 12 inches. The heating bank could readily be connected
to a 480- or 240-volt supply in either a Y- or delta connection,
affording considerable flexibility of power input and thus flexibility
of heating rate at the specimen. An air-cooled polished-aluminum reflec-
tor was placed behind the heating bank to minimize losses, Air-cooling
was also provided for the specimen to reduce the time between test runs.

The specimen was mounted in a movable frame by simple supports at
the four corners. The distance between the heated skin surface and the
heating bank was held at 2 inches for most of the tests but could be .
readily varied if desired.
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A Century, Model 408, multichannel recording oscillograph recorded
directly all thermocouple outputs. All of the galvanometers in the
oscillograph had a nominal sensitivity of 12 microamperes per inch of
deflection on the recording paper. The specially designed calibrator
described in reference 3 was utilized in the thermocouple circuits.

The function of the calibrator was to take into account the total
resistance of each matched thermocouple-galvanometer loop and to adjust
the galvanometer sensitivity, with the aid of a variable-series resis-
tor, so that a given voltage signal from the thermocouple (i.e., a
given temperature) corresponded to any desired trace deflection. All
channels could be calibrated in a minimumn time before each test.

TEST PROCEDURE

Theoretical Basis and Testing Technique

The theoretical basis for the type of tests conducted was outlined
in reference 3 and discussed at greater length in reference 4. The
method of calculating interface conductance as outlined in appendix A
of reference 3 was somewhat modified in the section "Evaluation of Data
in reference 4. A further modification was utilized in making calcula-
tions for this report.

As before, with the two basic variables AT and JOT/08 determined
from the test, the interface conductance can be found from the relation-
ship

cwhA QI
h=93____06
AT 1T

where c¢ and w are, respectively, the specific heat and specific
weight of the stringer downstream of the interface, A 1is the cross-
sectional area of this stringer, and le is the length of contact in

the cross section.

The calculations for interface conductance are thus based on the
heat flow q across the interface as determined from conditions in
the structure downstream, that is, at the cross section of the skin-
stringer specimen where temperature measurements are made. However,
for each test run a heat flow Q was also calculated from the rate of
temperature increase at a point 3 inches from the center line of the
rivets, It is the average value of this heat flow Q which is given
as & reference value in the tables and graphs of this report.



Also in this report the specific heat, previously assumed to be a
constant, is treated as a variable function of the average temperature
in the stringer for calculating g, or of the average temperature in
the skin for calculating Q. Further refinements are made in the cal-
culation procedure by weighting the three individual AT values at the
interface in accordance with their position; that 1s, the AT wvalue
for the position under the stringer leg is given less weight since the
outstanding leg influences the temperature drop by acting as a heat
sink, As before, corrections were made for the small temperature drop
over the distance between the thermocogples and the interface,

The changeover in the test apparatus from graphite rods to quartz
heating rods does not materially change the considerations of refer-
ences 3 and 4, One qualification, however, should be made; that is,
on the basis of the more recent experimental evidence of this report,
it is no longer felt that stress distribution has a negligible effect
on the interface conductance, While for most situations the assumption
of negligible stress distribution still appears to hold, it is believed
that only warping of the specimen caused by stresses can account for
some of the observed effects of the heat-flow rate and may account for
some of the otherwise unexplained variation in interface-conductance
values found in seemingly identical tests on identical specimens.

Description of Specimens

The general configuration of the test specimens was a 10- by 10-inch
skin surface with an extruded or bent-up angle riveted or otherwise
attached according to standard aircraft practice along one center line
as described in figure 3 and table I, Table I(a) describes the speci-
mens as to configuration, material, and interface condition (including
sandwich materials as an interface condition), and table I(b) describes
the same specimens as to the type of connection used between skin and
stringer.

Specimen materials consisted of 2024-T and 2024-T3 aluminum alloy,
6A1-4LV titanium alloy, 17-7 PH stainless steel, and Inconel X. Most
specimens were fabricated with the skin and angle of the same material;
however, some combinations of the above materials were also fabricated
for the test program.

The interface Joint in most specimens was clean and bare; however,
in some specimens it was deliberately made dirty, painted with zinc-
chromate primer or contained a sandwich of aluminum sheet, brass shim-
stock, sheet asbestos, or Teflon sheet.

The basic type of connection used in the test program was the
3/16-inch-diameter, solid 2024-T aluminum-alloy rivet with
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100° countersunk head, known by the designation ANL26-DD. When the type
of connection was under investigation or the pressure was to be varied,
other types of connection were used. These other types used in the
fabrication of specimens included tubular and Cherry rivets, Hi-Shear
pins, lockbolts, screws and nuts, and spotwelds. The bulk of the speci-
mens had a skin thickness of 0.156 inch, but 'some had 0.313-inch-thick
skin.

As a part of the program two groups of specimens were prepared to
investigate the variabillity of seemingly identical Joints. In the first
group 20 specimens were fabricated by three aircraft manufacturers. It
was requested that normal fabrication techniques be employed, though no
guarantee can be given that this instruction was carried out since
special orders in an alrcraft factory are frequently handled in the
experimental shop in a more careful way than ordinary. In the second
group 12 specimens geometrically identical to those of the previous
group were fabricated at Syracuse University, nine of which were selected
for testing. The interface surfaces were carefully machined and checked
for both flatness and surface roughness. The fastenings consisted of
screws and nuts in order that the interface pressure could be carefully

controlled by measuring the torque epplied to the nuts. Extreme care

torg pplied nut care
was taken in handling these specimens during their fabrication to avoid
scratching or contaminating the mating interfaces in any way.

The test program for the nine identical specimens was carried out
in such a manner that information over and above the aforementioned
manufacturing variability could be secured. The effect of heating his-
tory on the interface conductance was introduced by selecting a different
time interval for testing each of the nine specimens. In addition, sev-
eral of the nine specimens were subsequently used for tests where heat
flow was the controlled variable and where pressure at the interface
was controlled by means of tightening the connection.

Thermocouple Technique

The thermocouple technique followed the practice of previous inves-
tigations reported in references 3 and 4.

For many of the specimens two cross sections A and B were
investigated with the thermocouples located as shown in figure 4., 1In
presenting the data the interface-conductance values at cross section B,
which was close to the rivets, were not used except for orientation
purposes and in all later tests the thermocouples for this location
were omitted.



Conduct of Tests

Each specimen was subjected to a number of short-duration transient
heating runs; with a few exceptions the minimum number of runs for any
specimen was two and some specimens were tested as many as 25 times,

Before a test run was begun each thermocouple-galvanometer pair was
individually calibrated.

In the course of a test the intensity of the heating lamps reached
a maximum in less than 1 second after the power was turned on and
remained constant during the test run. The voltage, which determined
the lamp intensity and thus the heating rate after the warmup period of
less than a second, could be varied from test to test by changing the
electrical connections, but no voltage control was provided during a
test run.

The output of all thermocouples was simultaneously recorded during
a test and a permanent record was thus available for later evaluation.

The heat input was nearly constant during any test at values ranging
from approximately 3,500 Btu/(sq ft)(hr) to 140,000 Btu/(sq ft)(hr).
Mean interface temperatures as high as 600° F were achieved in tests
which lasted up to 5 minutes in some cases, although the duration of
most was less than 1 minute,

Tests were run at various time intervals during the investigation.
In testing the effect of heating history the shortest interval between
tests was 15 minutes and the longest was 104 days.

PRECISION OF DATA

The subject of precision of the data was discussed at considerable
length in references 3 and 4 as it pertained to the precision of the
interface-conductance data, Since the work of those references, several
modifications have been made in testing technique and the methods of
evaluating data which warrant comment.

In reference 3 some attention was devoted to the ability to attain
prescribed boundary conditions. At that time the use of graphite rods
as a source of radiant heat contributed to the nonuniformity of heat
flow. In the cwrrent lnvestigation the use of quartz rods as heating
elements largely eliminated localized heating effects.

The assumption of perfect insulation over the unheated surfaces
was further substantiated by tests of typical specimens with an insulated
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backing of 3 inches of distomaceous earth. On the basis of these tests
it was decided that corrections for heat losses were not warranted in
calculating interface conductance from the recorded data.

The refinements of calculating technique outlined in the section
"Test Procedure" are believed to lead to greater accuracy in the final
interface-conductance values than hitherto attained.

The values of interface conductance presented herein are estimated
to be correct to within 8 percent.

RESULTS AND DISCUSSION

The interface conductance was determined experimentally for the
more than 100 aluminum-alloy and high-temperature-alloy structural-joint
specimens previously described in this report.

Most of the specimens were made geometrically identical and of the
same aluminum alloy in order to take into account manufacturing varia-
bility (including interface cleanliness condition) and the effect of
many different types of fastenings (including those whose torque could
be varied as part of the investigation). In addition other specimens
were designed to account for changes in skin thickness, for the use of
sandwich materials at the interface, and for different materials in

skin and stringer.

The interface-conductance values measured in the entire program
ranged from approximately 80 Btu/(sq ft)(hr)(°F) to
2,150 Btu/(sq ft)(hr)(°F).

The data for each test run consisted of temperature-time oscillo-
graph records for 18 selected points in the specimen, 10 points at the
midrivet cross section, and 8 points at the near-rivet cross section.
The interface-conductance values derived from these data are presented
in the form of graphs and tables. In each case where data have been
averaged the number of tests represented is noted.

In processing the data the usual procedure was to calculate the
interface conductance and the corresponding mean interface temperature
at four equal time intervals for any given test. In order to compare
the interface-conductance values from a number of specimens on some
common basls, linear interpoletion was utilized to find the interface
conductance at equal intervals of mean interface temperature.
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Manufacturing Variability

The effect of manufacturing variability on interface conductance
was studied first with a group of 20 specimens fabricated by three manu-
facturers. Twelve of these were geometrically identical but variled as
to the interface condition and as to manufacturer. Eight additional
specimens were fabricated which differed from the original twelve in
that their skin thickness was increased from 0.156 to 0.313 inch. These
elght were identical geometrically with each other (and with the group
of twelve except for skin thickness) and all had bare and clean
interfaces.,

Details of the above specimen fabrication are given in table I, but
the grouping below should help to clarify the presentation of results
which follows. The first letters of the code numbers indlcate the dif-
fering manufacturers of the specimens.

- Twelve specimens Eight specimens
Interface condition tg = 0.156 inch tg = 0.313 inch
Bare, clean M-1-A M-3-A
M-1-B M-3-B
R-1-A N-3-A
R-1-B N-3-B
R-1-C R-2-A
R-1-D R-2-B
R-2-C
R-2-D
Bare, dirty M-2-A
. M-2-B
Zinc chromate, clean N-1-A
N-1-B | 77777
Zinc chromate, dirty N-2-A
N-2.B | 7777

In figure 5(a), the six identical specimens with bare and clean
interfaces are compared. These six were fabricated as shown in fig-
ure 3(a) by two different manufacturers. All of the tests were con-
ducted at approximately the same heat flow, which therefore does not
appear as a variable, to determine the interface conductance at various
mean interface temperatures. Four of the six specimens were tested a.
large number of times to ascertain average values as indicated in the
figure.
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~ As may be seen in figure 5(a), there was a considerable variability
of interface conductance from specimen to specimen at the same mean
interface temperatures. The highest average value of interface conduc-
tance for all six specimens was 1,069 Btu/(sq ft)(hr)(°F) at T, = 100° F

and the lowest was 330 Btu/(sq f£t)(hr)(°F) at T, = 400° F, indicating

a difference of about 3.5 to 1. Even at the same mean temperature of
100° F, differences in interface conducteance of almost 2.5 to 1 are
apparent.

It should also be reported that in computing the averages for
specimen M-1-B, which are plotted in figure 5(a), the individual tests
were noted to have a greater range when compared with each other at the
same mean interface temperatures than was apparent in the other tests
plotted in this figure. The highest and lowest values for all of the
tests on specimen M-1-B were omitted from the averages but are reported
here because of their indication of the possible extreme range of values
which can be expected. The highest value was 1,611 Btu/(sq ft)(hr)(°F)
at Ty = 100° F and the lowest, 394 Btu/(sq ft)(hr)(°F) at T, = 400° F,
but for two different tests, Thus for a single specimen there is a
possible range of over 4 to 1 in interface conductance over the mean
interface temperature range of 100C toc 4000 F, As en indication of
scatter this same high value of 1,611 Btu/(sq £1)(hr)(°F) may also be
compared with the lowest value at the same mean interface temperature
of 100° F which was 819 Btu/(sq £t)(hr)(°F).

In figure 5(b) four identical specimens are compared which were
fabricated as shown in figure 3(a) by the same manufacturer. The geom-
etry is the same as that for the six specimens in figure 5(&), but in
this case the interface has been painted with zinc-chromate primer, and
two of the specimens have been assembled in a dirty condition. The
degree of "dirtiness" is rather hard to define; it may range from greasy
finger prints to chips in the interface.

One of the specimens, N-1-A, was tested repeatedly and the points 1
plotted in figure 5(b) represent averages derived from 26 tests. In }
all of the tests there appears to be little if any change of interface
conductance with mean interface temperature, contrary to the trend of
figure 5(a) where the interface conductance of the bare and clean speci-
mens decreased with mean interface temperature, The interface-conductance
values appear to change little from specimen to specimen for three of
the specimens, all values lying between approximately 250 and
350 Btu/(sq ft)(hr)(°F); the fourth specimen, N-1-B, gave values
approximately 40 percent higher than the highest of the three.

The average heat flow for the 26 tests on specimen II-1-A ranged
from 13,000 to 50,000 Btu/(sq f£t)(hr) while those for the three remsining
specimens ranged from 32,000 to 38,000 Btu/(sq ft){hr), but no
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discernible effect of heat flow could be determined in comparing individ-
ual tests. Therefore, heat flow is not included as a parameter. One
specimen, N-2-A, was singled out for another series of tests to deter-
mine heat flow effects and the results are reported in the following
discussion.

The effect of heat-flow rate on interface conductance for speci-
men N-2-A is shown in figure 5(c) at values of mean interface tempera-
ture of up to 600° F. For this type of specimen, that is, one with a
zinc-chromate primer and the interface in a dirty condition, no signifi-
cant effect of heat-flow rate nor any trend in the data with heat-flow
rate was apparent., In fact, the interface-conductance values for flow
rates of 140,000 Btu/(sq ft)(hr) are seen to lie between those for 15,000
and 11,000 Btu/(sq ft)(hr), with a flow rate of 54,000 Btu/(sq ft)(hr)
giving the highest values for this sequence of tests. This lack of
significant difference or trend of the data with heat flow is contrary
to data which will be reported later in this section for a specimen
geometrically similar to N-2-A, but one in which the interface was
clean and the interface pressure carefully controlled from test to test.

Eight geometrically identical specimens with clean, bare interfaces
which were fabricated by three different manufacturers are compared in
figure 5(d). Fabrication was as shown in figure 3(a) with a skin thick-
ness of 0.313 inch compared with 0.156 inch for the previously discussed
specimens. Again there appears to be a considerable difference in prop-
perties among specimens fabricated by different manufacturers as in fig-
ure 5(&), but since there is also a difference in the heat-flow rate
between the specimens from the three manufacturers, the interface-
conductance data were replotted in figure 5(e) against the dimensionless
mean temperature parameter ¢ instead of T,,, The difference in speci-

mens with regard to interface-conductance values 1s still seen to be
significant, but the slopes of the curves are more nearly alike than in
figure 5(d). Specimen R-2-C was omitted for clarity in replotting the
data in figure 5(e).

In figure 5(f) the interface-conductance data for four specimens
(Mpl-A, M-1-B, M-3-A, and M-3-B) are replotted from figures 5(a) and
5(d) to show the effect of change in skin thickness, The four specimens
were all fabricated by the same manufacturer and were tested at approxi-
mately the same heat flow. It would appear that individual differences
are sufficiently great to obscure the effect of skin thickness on inter-
face conductance, but the tendency of thinner skins to give higher
interface-conductance values, as indicated by the large number of tests
shown in figure 6 of reference 4, is somewhat borne out by this figure.
In view of what has been sald previously in this report concerning the
effect of differences in interface conductance for seemingly identical
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configurations, it is considered of some importance that such differ-
ences as indicated by specimens M-l1-A and M-1-B be kept in mind when
referring to figure 6 of reference L.

The effect of cleanliness at the interface on the interface con-
ductance is shown in figure 5(3) for four identical specimens with bare
interfaces fabricated by the same manufacturer. Although the average
curve for the two c.ean-interface specimens is seen to be somewhat
higher than that for the two dirty-interface specimens, the overlap is
seen to be such that, when the results for all four specimens are plotted,
no significant difference can be attributed to the cleanliness effect in
this case. In fact the lower of the two curves for clean specimens falls
below the lower of the two curves for dirty specimens at mean interface
temperatures above about 200° F. It might also be noted that this behav-
ior is contrary to that exhiblted in the case of the clean and dirty
specimens of figure 5(b) which were painted with zinc-chromate primer.

Sandwich Materials

Six specimens of the same geometrical configuration as that shown
in figure 3(a) were tested with various sandwich materials at the inter-
face., All were fabricated by the same manufacturer. The results are
shown in figure 6(a) where the average interface conductance for two
tests for each specimen are plotted against mean interface temperature.
As might be expected the good conductors such as aluminum and brass
gave conductance values which were better than those for the asbestos,
but it is interesting to note that the 0.010-inch-aluminum sandwich
gave interface-conductance values which were only about twilce the values
for the same thickness of asbestos sheet. It is also interesting to
compare the 0.00l-inch-aluminum-sandwich results with those of speci-
men M-1-B in figure 5(a). The sandwich is seen to give interface-
conductance values comparable with those of the bare interface despite
the interposition of an additional layer of material and an additional
interface,

The interface-conductance data of figure 6(a) are replotted in
figure 6(b) against the dimensionless mean temperature parameter
as a convenience in finding the effect of other combinations of skin
thickness, conductivity, and heat flow in the case of sandwich mate-
rials within the general scope of the materials tested.

In figure 7 the parameter h; 1s plotted against the mean inter-

face temperature. This parameter as applied to a sandwich material can
be interpreted as (ti/ki)/(l/h) or the ratio of the heat-flow resistance

of the interface material to the resistance of the entire interface sand-
wich consisting of the two interfaces and the sandwich material. As
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expected, the metallic sandwich materials provided very little resist- .
ance, in the cases tested less than 1/100 of the entire joint resist-
ance., Marked differences may be noted, however, in the effect of the
metallic materials on the joint resistance due to influences other than
their thickness and conductivity. The 0.010-inch-brass sandwich mate-
rial is seen to provide approximately nine times the resistance provided
by either the 0.002-inch-brass or the 0.00l-inch-aluminum sandwich, but
nonetheless these resistances are so small relative to the total joint
resistance that there is only a 50-percent difference in overall inter-
face resistance between the 0.010-inch brass and the 0,00l-inch aluminum
at low mean interface temperatures and virtually no difference at the
high mean interface temperatures. This may be seen in figure 6 where
the reciprocal of the interface conductance may be interpreted as a
reslstance,

O W - =

The logarithm of the reciprocal of h; 1s plotted against the log-
arithm of ¢i in figure 8. There appears to be a relationship which

can be interpreted as a linear increase in the logarithm of the rela-
tive conductivity of the sandwich material (based on total conductivity
across the interface) with the logarithm of the mean interface tempera-
ture adjusted for heat flow and for the thickness and conductivity of
the sandwich material. .

One additional sandwich-material specimen, M-21, was tested.
Although its geometric configuration was similar to that of the speci-
mens discussed above, the material of skin and stringer was 17-7 PH stain-
less steel and the skin thickness was slightly greater, 0.160 inch com-
pared with 0.156 inch. Rivets were AN 427 Monel metal and the interface
material was a 0,010-inch-thick Teflon sheet. The interface-conductance
data are not plotted in the flgures but are as follows: At a mean heat
flow of 49,000 Btu/(sq ft)(hr) the average interface-conductance values
for two tests were 122, 131, and 126 Btu/(sq ft)(hr)(°F) for mean inter-
face temperatures of 100°, 200°, and 300° F, respectively.

Heat Flow and Interface Pressure

Three specimens (M—l5, SU-9, and S-1) were used in an extensive
program to determine the effects of heat flow and of pressure at the
interface, as determined by torque on the attaching screws, on the
interface conductance at various mean interface temperatures.

All specimens were geometrically alike but specimens M-15 and SU-9
were bare at the interface and S-1 was painted with zinc-chromate primer. .
Specimen SU-9 was one of the carefully machined group fabricated at
Syracuse University. Specimen M-15 was tested with both steel and
aluminum screws and plain steel nuts; specimen SU-9 was tested with -
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steel screws and plain steel nuts; and specimen S-1, with steel screws
and a steel nut with fiber insert.

The effects of heat flow and interface pressure as controlled by
screw torque were considered together, since it was only by careful con-
trol of the torque that the effects of heat flow could be distinguished.

Specimen M-15.- Considering specimen M-15 first it may be seen in
figure 9(a) that for low mean heat-flow rates of 14,000 to
16,000 Btu/(sq ft)(hr) the mean interface-conductance values increased
with increasing torque on the steel screws in the range of torque from
10 to 60 inch-pounds. At any given fixed torque the interface conduc-
tance decreased with mean interface temperature, a trend which has been
apparent from the previously discussed figures. In figure 9(b) for
aluminum screws the same general trends are seen but the interface con-
ductance for a torque of 30 inch-pounds is seen to decrease at a greater
rate with mean interface temperature than for torques of 20 and 10 inch-
pounds. In fact, the final interface conductance at a mean interface
temperature of 400° F is lower than the values for the 20- and 10-inch-
pound torques. In comparing figures 9(a) and 9(b) it may also be seen
that the interface-conductance values are higher for the steel screws
than for the aluminum screws at the same torque values and mean interface
temperatures, except for the 30-inch-pound torque. In that case the
interface conductance for the aluminum-screw test run started higher,
Tm = 100° F, and ended lower, Ty = 400° F, than for the steel-screw

test run.

In another sequence of tests on specimen M-15 at an intermediate
mean heat-flow rate of 58,000 Btu/(sq ft)(hr) the torque was varied
between 30 and 100 inch-pounds in increments of 10 inch-pounds. In
each test the torque was increased to the test value after loosening
the screws from their previous torque values, Steel screws were used
In this sequence. The complete data are not presented, but the fol-
lowing maximum and minimum values were found:

Interface conductance, Btu/(sq ft)(hr),
at Ty, °F, of -

100 200 300

Maximum 1,0kk 935 892

Minimum 1,008 895 840
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The values are seen to lie within a very narrow range with a maxi-
mum difference of 6 percent at any mean interface temperature. No dis-
cernible trend of interface conductance with respect to torque, as seen
in figures 9(a) and 9(b), was apparent upon examination of the data.

In the tests for which the data were presented in figures 9(&) and
9(b) the mean heat-flow rate was kept approximately constant and the
torque on the screws was varied. In figures 9(c) and 9(d) results are
presented for a series of tests at each of two constant values of torque
on steel screws in which the mean heat-flow rate was varied from test
to test. In both caeses interface-conductance values were found to
increase with heat-flow rate at any given mean interface temperature
and to decrease with increasing mean interface temperature for a fixed
heat-flow rate.

An attempt was made to compare the effect on interface conductance
of tightening only the screws on either side of the test section with
tightening all of the screws. Comparative tests were conducted at
20 inch-pounds and 80 inch-pounds. Very little difference was found
in the interface conductance; in both cases tightening all of the screws
led to less than a 5-percent increase in interface-conductance values
over those found for tightening only the screws adjacent to the test
section., The data for these tests have not been presented.

In figure 9(e) the mean interface conductance is plotted against
the nondimensional parameter @ for the heat-flow range of 12,000
to 134,000 Btu/(sq ft)(hr) for a torque of 60 inch-pounds on the steel
screws. The interface-conductance values are those presented in
figure 9(d).

Specimen SU-9,- Considering specimen SU-9 which was geometrically
identical in every way with the previously discussed specimen M-15, it
may be seen in figure 10(a) that at all three heat flows the general
tendency is for the interface conductance to decrease with increase in
the screw torque, with the exception of the 20-inch-pound torque above
a mean interface temperature of 400° F., This general tendency is oppo-
site to that found for specimen M-15 where the interface conductance
increased with an increase in torque (see figs. 9(a) and 9(b)). This
difference in behavior of the two specimens is considered further in
connection with the results for specimen S-1.

The effect of heat-flow rate on the interface conductance at various
mean interface temperatures is shown in figure 10(b) for a torque on the
screws of 20 inch-pounds and in figure 10(c) for a torque of 60 inch-
pounds. The data presented are comparable with those presented in fig-
ures 9(c) and 9(d) for specimen M-15. It may be noted that, as in these
previous figures, the interface conductance increases as the heat flow
increases and decreases with mean interface temperature. The average
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interface conductance for five tests at a heat-flow rate of

54,000 Btu/(sq ft)(hr) and for 25 tests at 8,000 to 9,000 Btu/(sq ft)(hr)
are plotted in figure 10(b) for comparison with the results for single
tests at the various heat-flow rates. The curve for the heat-flow rate
of 54,000 Btu/(sq ft)(hr) falls as expected between 50,000 and

126,000 Btu/(sq ft)(hr), but the curve for 8,000 to 9,000 Btu/(sq ft)(hr)
is higher than the curve for 11,000 Btu/(sq ft)(hr). It should be noted,
however, that the average curve is for 25 tests compared with a single
test in the case of the curve for 11,000 Btu/(sq ft)(hr).

Specimen S-1l.- Specimen S-1 was the pilot specimen for the torque
tests and was not tested as extensively as specimens M-15 and SU-9.
In the tests of this specimen the mean heat-flow rate was kept nearly
constant at values of 31,000 to 34,000 Btu/(sq ft)(hr) and the torque
was increased on the screws from zero to 60 inch-pounds in 15-inch-
pound increments, and then decreased in the same manner., At each incre-
ment of torque on the screws a complete test was carried out to a mean
interface temperature of approximately 300° F,

The interface-conductance values for tests with various increments
of torque on the screws are presented in figure 11 as a function of
mean interface temperature. The values of interface conductance for
the zero-torque condition are average values for two tests before torque
was applied and two tests after torque was applied; the values for the
60-inch-pound-torque increment are the average of the three tests which
vere run at that increment. All other values are for a single test at
increasing torque increment. The values for decreasing torque increment
were not plotted since they differed very little from the values at
increasing increments.

A comparison of the behavior of the interface conductance of speci-
men S-1 with that of specimen M-15 (figs. 9(a) and 9(b)) is of some
interest. In both specimens the effect of increased torque on the
screws is to increase the interface conductance at a given mean inter-
face temperature. Unlike specimen M-15, however, the interface conduc-
tance for specimen S-1 increases slightly with mean interface tempera-
ture. This increase in interface conductance with mean interface
temperature for specimen S-1 was not a consistent characteristic
behavior for the specimens tested in the entire program. Although
occasionally an individual test showed an increase, most specimens
showed decreasing interface conductance with mean interface tempera-
ture, or very little change at all, and it is interesting to note that
where there was an increase, as, for example, in specimen S-1, the
increase was not great. The specimens whose ilnterfaces were painted
with zinc-chromate primer showed generally the least tendency for the
interface conductance to vary with mean interface temperature (see, for
example, figs. 5(b) and 5(c)).
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The variation of interface conductance with torque on the screws
for all three specimens (M-lS, SU-9, and S-1) is plotted in figure 12
at the same mean interface temperature of 200° F. Although there is
some difference in the heat-flow values for which the data are presented,
this difference is not believed to be significant.

For two of the three specimens the interface conductance increases
with torque on the screws. This increase could, of course, logically
be attributed to an increased pressure at the interface which has been
shown in previous experiments (ref. 2) to cause an increase in inter-
face conductance, But this leaves the opposite behavior of specimen SU-9
to be explained. A possible explanation is that strains created by
tightening of the screws move or warp the contact surfaces with respect
to each other, and that in this case the movement or warping is such
that it decreases the number or area of spots in contact or increases
the gap between the surfaces and thus decreases the interface conduc-
tance. It is of course understood that this assumed movement or warping
may also have influenced specimens M-15 and S-1 in either the same or
the opposite way; some of the increase for those specimens may be attrib-
uted to movement or warping as well as to direct pressure effects (which
in themselves may be considered warping) or may have reduced the expected
increase due to increased pressure. It is also possible that thermal
warping, as distinguished from the foregoing mechanical warping, influ-
ences the interface conductance since the temperature drop across the
interface is different from specimen to specimen even where the heat
flow is substantially the same.

In order to confirm, if possible, the aforementioned conjectures
regarding warping, specimen SU-9 was subjected to three types of warping
tests, after replacement of all thermocouples and a recheck of several
previous test conditions. The results are shown in figure 13 where
interface conductance is plotted against mean interface temperature at
screw torques of 20 and 80 inch-pounds for three different conditions.

In the first condition only the screws adjacent to the test cross
section were torqued; all other screws were finger tight. As before
(see fig. 10(a)) the higher torque gave the lowest interface-conductance
values throughout the mean-interface-temperature range, but with a
lesser effect of torque difference on interface conductance. Contrary
to figure 10(a) but in accord with figure 11 the interface conductance
is seen to increase rather than decrease with mean interface temperature.

In the second condition a brass shim strip was inserted under the
leg of the stringer for its entire length in order to rotate the angle
with respect to the sheet prior to applying torque to all of the screws
and thus to induce initial warping. For this condition the initial
values of interface conductance for both 20 and 80 inch-pounds at

OWH =



O W+ =

19

Ty = 100° F are appreciably higher than for the first condition. At

20 inch-pounds the interface conductance increases and at 80 inch-pounds
it decreases from these initial values.,

In the third condition two fine wires were laid across the inter-
face on either side of the test section prior to tightening all of the
screws, The resulting effect on the interface conductance is similar
to the effect of the shim except that the interface-conductance values
are somewhat lower.

It is believed that in the above three tests some warping was
induced which accounted for the varied behavior of the interface con-
ductance, but it must be realized that other factors such as change in

gap and introduction of foreign material as a heat path were introduced
at the same time.

Material Combinations

Since steel and titanium-alloy skins with a light alloy web have
been suggested as promising combinations for stress alleviation in
heated structures it was considered desirable to determine the inter-
ce conductance for some of these combinations. The test program,
therefore, included such specimens (M-22 and B-2), as well as combina-
tions of like materials other than aluminum alloys (M-20, B-1, and B-3).
Since these specimens were all fabricated with Monel rivets, a group of
three aluminum-alloy specimens (M-11-B, N-13-A, and R-10-A) with simi-
lar rivets was used as a control. Specimens B-1, B-3, and M-20 were
made with a bent-up angle stringer in accordance with figure B(b); the
others were in accordance with figure 3(a). Also specimen B-3 had a
slightly thicker stringer of 0.160 inch as compared with 0.156 inch
for the remaining specimens.

The interface-conductance values for these combinations are pre-
sented in figure 14. It is noted that these interface-conductance
values are among the lowest found for any skin-stringer combinations
reported here; for example the Inconel X (specimen B-1) and the
6A1-4V titanium alloy (specimen B-3) interface-conductance values of
approximately 150 to 200 Btu/(sq ft)(br)(°F) are comparable with those
for aluminum-alloy specimens with asbestos sandwiches at the interface
(see fig. 6). It is also interesting to compare these values with the
stainless-steel joints of reference 1 (fig. 8(d)) where the roughest
surfaces, 100 to 120 microinches root mean square, gave interface-
conductance values in the neighborhood of 300 Btu/(sq ft)(hr)(°F), but
values of up to five times as great were found with smooth surfaces of
20 to 60 microinches root mean square.
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The interface conductance for the Inconel X and 17-~7 PH stainless-
steel specimens with aluminum-alloy stringers (M-22 and B-2) was higher
throughout the mean-interface-temperature range than for counterpart
specimens with the stringer made of the same material as the skin (M-20
and B-1).

Two of the three control specimens of aluminum-alloy skin with
stringers of the same material (M-11-B and N-13-A) were among the few
specimens in the entire program whose interface conductance increased
with mean interface temperature, but the increase was not very great.
The third specimen of this type (R-10-A) showed no change in interface
conductance with mean interface temperature.

Type of Connection

In order to determine the effect of the type of connection used
between skin and stringer on interface conductance, a series of 43 speci-
mens were tested. These specimens were fabricated in accordance with
figure 3(a) by three different manufacturers who were requested to
supply a representative connection, both as to choice of type and as
to manufacturing technique. The specimens were all geometrically
identical.

The interface-conductance values resulting from the test are pre-
sented in table 'II which also repeats the type of comnection. For every
connection type at least two tests were conducted; the interface-
conductance values presented are the average values for these tests at
mean interface temperatures of 100°, 200°, 300°, and 400° F, except
where the highest temperature of 400C F was not attained. The mean
heat flows into the specimen for each test run were calculated; the
averages of these heat flows for each connection type are presented in
table II.

The interface-conductance values presented in table II must be
interpreted in the light of what has been said previously about manu-
facturing varisbility. It is not intended that the designer choose
interface-conductance values for a given connection type as fixed values,
but only as representative values with the possibility of considerable
variability. Perhaps a more meaningful way of looking at these data
is to consider the various connections in a rough order of merit from
those giving the highest to those giving the lowest interface-
conductance values. The use of the term "order of merit" in the sense
of highest to lowest values is only arbitrary since in a given case
either high or low values may be desirable, In order to present a
ranking from high to low values of interface conductance the average
values for interface conductance at Tpj = 300° F have been selected
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from table II as most nearly representative and are presented in

table III. It is apparent that had some other value of mean interface
temperature been chosen there would be some changes in the order of
listing, but it is felt that the range is more important than the spe-
cific rank, especially in view of the probable manufacturing varisbility
which has not been taken into account.

Two of the specimens (M-14% and N-16) included in table II had a
skin thickness of 0.313 inch as compared with 0.156 inch for the
remainder of the specimens, and they thus have been omitted from the
ranking of table III.

An examination of the entire range of values presented in table III
reveals several items of interest. The highest average value of inter-
face conductance shown, 1,076 Btu/(sq ft)(hr)(®F) for the NAS517 screw,
is more than ten times greater than the value of 103 Btu/(sq ft)(hr)(°F)
for the P-565-204-100 exploding rivet. It can also be seen that in
general the alloy-steel screws, high-shear pins, and lockbolts give
the highest values of interface conductance and the blind- and exploding-
type rivets, the lowest. One exception to this generalization is seen
to be specimen M-9-A; in this specimen the high-shear pin shows a low
interface-conductance value of 199 Btu/(sq ft)(hr)(°F).

In examining the range of interface-conductance values individual
high and low values should be considered in addition to the average
values presented in the preceding tables. Therefore table IV has been
prepared to present the complete test sequences for specimens M-13 and
N-11-B which were the two specimens giving highest and lowest interface-
conductance values. Here it may be seen that the highest interface-
conductance value achieved was 2,154 Btu/(sq £t)(hr)(°F) and the lowest,
84 Btu/(sq ft)(hr)(°F), both at a mean interface temperature of 100° F,
Thus the ratio between highest and lowest becomes over 25 to 1 compared
with the aforementioned 10 to 1 for the averages at a mean interface
temperature of 300° F.

Heating History

One of the most difficult problems in the analysis of interface-
conductance data has been the variation in test values in any sequence
of tests on the same specimen, In order to test the hypothesis that
heating history could account for some of the variation, a group of
specimens was prepared in which each specimen could be followed care-
fully as to its history, and the interface pressure as determined by
torque on the screw fastenings could be held constant for each test.

These specimens were made as nearly identical as possible by care-
ful fabrication which included machining of the stringer-contact face
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and checking its flatness and surface roughness. The various phases of

the fabrication process were carried out as nearly as possible under -
the same conditions for each specimen. New drills and milling cutters

were used on each specimen, the depth of cuts was kept similar, and

cleaning and final assembly were done in the laboratory rather than in

the machine shop.

By making a group of identical specimens it also became possible
to compare the variability in interface conductance with the variability
of specimens from a number of manufacturing sources as previously pre-
sented in this report.

The nine available specimens were divided into two subgroups of
four and five specimens, respectively. The first subgroup of four was
used as a control to test the uniformity of interface-conductance values
of geometrically identical specimens with identical histories up to and
during testing. Each of these specimens was tested four times at inter-
vals of 24 hours under the same heat flow of 8,000 Btu/(sq ft)(hr) and
with the screws torqued to 20 inch-pounds. The resultant interface-
conductance values are presented in figure 15 in the form of averages
for the four test runs, with the highest and lowest single value for
any test also given, at each of four mean interface temperatures.

O W+ =

It is seen that the variability of interface conductance from
specimen to specimen is substantial despite all the precautions taken
to make the specimens identical and to test them under identical con-
ditions. The amount of variability, however, appears to be considerably
less than that for specimens fabricated with no attempt to hold other
than to geometrical identity and normal test conditions. For example,
at a mean temperature of 100° F the difference shown in figure 15 between
specimens SU-10 and SU-11 1is less than half the difference between speci-
mens M-1-B and R-1-C indicated in figure 5(a).

The general trend of interface conductance appears to be similar
to that for most of the specimens in the test program, that is, a
decrease with increasing mean interface temperature. However, the
decrease of the interface conductance with increasing mean interface
temperature is not linear as was the case for the specimens in

figure 5(a).

From the results of the tests on this subgroup of four specimens
it was concluded that subsequent tests to determine the effects of
heating history would have to be limited to the effect of the history
on each specimen as an individual, and that no comparison between speci-
mens could be made. This must be borne in mind in examining figure 16
where the interface-conductance values presented are average values for
25 consecutive tests for each specimen (except for SU-12) at intervals
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between tests of 15 minutes, 2& hours, 24 hours, 10 days, and 104 days
. 2

for the subgroup of five specimens, SU-9, SU-7, SU-2, SU-4, and SU-12,
respectively. Opecimen SU-12 was tested only three times because of
the length of time required between tests.

The variability of interface conductance for this subgroup of five
specimens is seen to be greater than that for the previously discussed
subgroup of four. It would appear at first glance that the interval
between tests increased the variability of interface conductance between
identical specimens. This is negated, however, by the fact that the
variability in figure 16 is substantially increased by specimen SU-2
which was tested at the same 24-hour intervals as were the specimens
shown in figure 15. Thus, were specimen SU-2 included with the control
subgroup of figure 15 (despite the increased number of tests), the con-
trol subgroup would show greater variability than the group of figure 16.

In figure 16 the range of interface conductance at a mean interface
temperature of 100° F is seen to be nearly as great as for the group of
specimens of figure 5(a). If the complete group of nine specimens of
figures 15 and 16 is considered, the spread at 100° F is slightly greater
than that for the specimens of figure 5(a). It would thus appear that
the manufacturing variables which affect the interface conductance are
not readily amenable to control.

The heating-history effect for a single specimen is perhaps best
11lustrated by presentation of the detailed data for specimen SU-9 which
is representative of that avallable for specimens in the group presented
in figure 16. The interface-conductance values for the 25 consecutive
tests on specimen SU-9 are presented in table V: The interval between
each test was 15 minutes and each test took approximately 90 seconds
to perform from the time the heating lamps were turned on.

The data for the subgroup of five, of which table V gives typical
values, were examined by statistical methods for trends and deviations
from randomness. For each of four mean interface temperatures, calcu-
lations were made of the mean and median values of interface conduc-
tance as well as of the standard deviation. The results of these cal-
culations are presented in table VI. Trend lines for the data were
calculated by the method of least squares and are presented in figure 17
for the typical specimen SU-9.

Several types of control charts were constructed to test the data
for trends in accordance with the methods of reference 7. In the first
of these the data were divided into subsets of four, the subsets summed,
the mean of all subsets and the range of each subset determined, and
the mean of the ranges used to calculate the standard deviation of the
subset sums. The subset sums were then plotted in the order of their
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determination for comparison with this standard deviation. The plotted
data (not presented in this report) showed for all cases where the fore-
golng calculations were made that subset sums lay within +3 standard
deviations. In some cases, specimen SU-7 for example, the subset sums
lay within *2 standard deviations. Since the series of data are judged
to be sufficiently long to give a good estimate of the standard devia-
tion it appears that the interface-conductance values vary in a random
fashion without significant jumps or trends.

In the second type of control chart the range of each subset of
four was plotted against the ordinel number of the subset and compared
with control limits computed from the distribution function for the
range. The control limit used was from zero to 2.28 times the mean
range of the separate subsets. This type of chart can be used to detect
trends or jumps in precision. None were found.

Tests for the number and length of runs in the interface-conductance
data of table V were checked against the critical values of reference 7.
Again no trends in the data could be found.

It was concluded from the foregoing statistical tests that the
hypothesis could be adopted that the interface conductance does not show
any varlation with length of time between tests.

CONCLUSIONS

The following conclusions were derived from examination of the
experimental results of transient heating tests on skin-stringer panels:

1. The interface conductance may vary considerably for seemingly
identical specimens manufactured at the same plant; a similar range of
variability is found in identical specimens fabricated under extremely
careful laboratory conditions.

2. Skin thickness has some effect on interface conductance, but
this may be obscured by manufacturing variability.

3. No significant effect of cleanliness of the joint on interface
conductance could be found.

L, The rate of heat flow into the specimen has a pronounced effect
on the interface conductance. In most cases the interface conductance
increases with increasing rate of heat flow, but this trend may be
obscured unless interface pressure between skin and stringer is care-
fully controlled by means such as screw torque.
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5. The interface conductance usually increases with an increase of
torque on the screws attaching the skin to the stringer, but there can
be exceptions.

6. In specimens with a sandwich material at the interface the good
conductors give high interface-conductance values, but factors other
than the thickness and conductivity of the sandwich material appear to
be significant.

g

7. In specimens of various material combinations the lowest
interface-conductance values were found for the Inconel X and
6A1-4V titanium alloy. The interface conductance for these specimens
was found to be comparable with that of a specimen of aluminum alloy
with an asbestos sandwich material at the interface.

8. The type of connection used for a skin-stringer combination may
have an appreciable effect on the interface conductance. Interface-
conductance values varying by as much as 10 to 1 may be expected at the
same mean interface temperature. The ratio between the highest and
lowest value may be as great as 25 to 1.

9. In comparing the effect of types of connections on the interface
conductance the alloy steel screws, high-shear pins, and lockbolts give
the highest values of interface conductance and the blind- and exploding-
type rivets the lowest, but there may be an occasional exception.

10. The interface conductance does not vary with the length of

time between tests.

Syracuse University,
Syracuse, N.Y., June 1, 1959,



26

REFERENCES

Barzelay, Martin E., Tong, Kin Nee, and Hollo, George: Thermal Con-
ductance of Contacts in Aircraft Joints. NACA TN 3167, 1954.

Barzelay, Martin E., Tong, Kin Nee, and Holloway, George F.: Effect
of Pressure on Thermal Conductance of Contact Joints. NACA
TN 3295, 1955.

Barzelay, Martin E., and Holloway, George F.: Effect of an Interface
on Transient Temperature Distribution in Composite Aircraft Joints.
NACA TN 3824, 1957.

Barzelay, Martin E., and Holloway, George F.: Interface Thermal Con-
ductance of Twenty-Seven Riveted Aircraft Joints. NACA TN 3991,
1957.

Griffith, G. E., and Miltonberger, G. H.: Some Effects of Joint Con-
ductivity on the Temperatures and Thermal Stresses in Aerodynami-
cally Heated Skin-Stringer Combinations. NACA TN 3699, 1956.

Brooks, William A., Jr., Griffith, George E., and Strass, H. Kurt:
Two Factors Influencing Temperature Distributions and Thermal
Stresses }n Structures. NACA TN L4052, 195T7.

Wilson, E. Bright:  An Introduction to Scientific Research. McGraw-
Hill Book Co., Inc., 1952.

OWH =




27

“POTJTods 28TAIIIO 9sITUn LOTT® WNUTENTR® JOJ aXw suop3wuiteeq,

‘oq 4 > el 2T-ng
‘o L4 P 9% n-ns roq —~vOp~- -—op—- %T* V-6-K
‘oq La P 9CT* r-ns ~oq P — —=-0p-- %1 Pl
e P P % 67113 ~oq --wop-= | ===gp-- %t L-u
roq ° P g Ay g-ns 2autad sywmOIgo-oUTZ =0p-- —=—Op=- %r* 9N
‘oq ¥ P 9%6T* L-n3 *oq “=—0p-= -——0p-- ¢ a-C-N
e - b EAN 03 areg ==e0p-- ---0p-- <1ee vg-N
“oq --=-0p=-- PTOTY Fag z-ns -oq ==~0p-~ -==0p-- T a-2-M
STIUe poutgovn ‘arwg I-v202 CL-nece Al T-n3 Kyxpp ‘zowpad 23wmOIQO~OUTZ ---0p-- --—0p-- ®Te V-2-N
“oq -==0p-- ==-op-- 9%t 1N
I }WOIGO-2ATZL P o 1 L4202 96T -8 wearo ‘lowmrad 239WOIYI-JUTZ 14202 14202 %r* TN
*og Ay VO AY TV %1 ] areg Ih20z ===Op=- o9t* 22H
“oq 14202 —-==0p--- gl 24 31338 UoY Sl NITYI~"UF-0T0°0 -==0p-= -==0p=-- 091" 12-H
arvg X Tauooug X Tauoouy *Kr* ™ axeg Bd L=LT Bd L-LT 091" 02K
80383Q9% 32943 ¥ITYI~"U-TEO° O -==0p~~ ~=~=0p== o1 61K
roq P 4 el g-0r-H 80192q8% 3943 YO YW}~ *UT-0L0° O -~=-0p-- --=op-- 9T V-61-H
oq v P 9t v-0T-4 FOOSWIYS $9VIY O T~ "UF-200° 0 -==0p-~ —eOp-- %1 g-gT-H
oa v P 9%T* 6= A0ISWIYS $584q NOTUI-°UF-0T0°0 ~==0p-- «--0p=- %1 VgTK
e —op- it %" 8- J39UB WNUPENTE YOTEI~*UF-T00'0 | ---0p-- -—-0p-- a1 Q1T
‘oq L4 P 484 g-L-a 19908 WUTETY X2T3="UF-0T0° 0 —eeOp-- -ee0p-- %t* V-LT-H
roq Le P Fad v-L-d ‘oq ' -==0p-- ===0p-~ 96T 9T-H
) 4 op AN SH roq -=-0p-- -=-0p-- %1* CIW
*oq P op %6T” =y roq . ---0p-- Ay AT-H
‘a ov v % u e ncalll Lo %I ST
‘oq 4 4 [4 (%4 a-e-u *oq ——-0p-- ——=Op== *x«r” €-ZTR
‘oq P P [1( o-2=H ~oq —=e0p-~ ———op-- %I Y-ZTR
‘oq op- op [1:% g-2-o ‘oq —==0p-~ ——=Qp-= % a-TT-H
‘oq P P [1(% v-z-i *oq -=-0p~- —neQp-~ %t Y-TTH
‘oq 4 P 9%T* a-T-u *oq ——=Qp=- ———Ope- Fadd g-0T-W
‘oq P P 9T” o-1-d *oq ~=—0p-- ---0p-- xT* Y-OT-H
A oV s %1* -1y *oq —-op-- --—op-- %1° a-6-N
e Lmh2ee 1202 9%1° v-T-H soq ---op-- -—-op-- 9%T* V-6-K
; ‘oa -==op-- me-op-- 9%t g5
posiny o o cree gr-u *oq -=-op-- ---op-- %t Y-g-H
~oq P P %T* GI-N ~oq -==0p-- ===0p=- %KT* d-L
*oq P Lo 9CT” aT-N *ogq ———Op- ———Op=- 9T v-L-K
*oq s P 9%t ¥T-x *oq -==0p-- -=-op-- 9%T* 9 H
“oq P P Fag TN ~oq —==0p-- ~=-0p~- %Gt <
“oq -op- P KT’ A 18 ‘oq “e=0p-- ===0p== 9T =K
oq > P Fad -2t oq ---op-- ==op~~ [y q-C-H
oa Dl 4 9T v=&T-§ wearo ‘axeg -=n0p-- ~caOpe- cre- V<K
roq op~ P 9T a€-TT-x A3ITp ‘aavg ~==Op=~ —mOp=- 96T g-2-H
‘oq op: P KT v-TT-% Kqatp ‘axeg —==0p-- comOp-= T V2R
o 4 4 %r° g-0r- ueaTo ‘areg =-=0p=- | =--0p-- AN g-T-H
Jomtad a3wm0Iyd-duty d-weo2 I=-420e o1 0 vY=Or-y weard ‘aaeg L4202 €1~4202 %T°0 V-T-K
sty ums cuy 8, aTRuy uTRs ‘up 9y
TOTX33Wa QOTAPUwS JO [¥[I219W QoJApUSS Jo .
UOTATPu0D 93w zreRnY (= fomomorry | usmaadg wWIIT0s sowzaeur (®) Tam | T
Teraa3en ums ToTIIwH

Tq& 00°T JO U237d 33ATI W puv ‘aUTT 293Uad 39ATI 0} VUMSTP QIUF~(Z9°0
.-uaﬂn« G2°T JO UOIZOI8 9S0JD UT PIUIT Qan fsayouy G2°T JO wot3oes

#9010 Uy q3uwaT Wuwly ‘satour (2°T JO sesuxaTyy aFuvIj ® pey suampoads é

6ST-M

UOTITPR0D I0VIIIIUT pPUR ‘TeiIIVE ‘aoT3eanByIuc) Adv

SNIWICIAS 40 NOLLITHMOSHE

1 ITVL




28

TABLE I.- Continued

DESCRIPTION OF SPECIMENS

(b) Skin-stringer connections

Connection Diameter,
Specimen designation Type Head 1n. Material
(a)
M-1-A ANL26-DD Solid rivet | 100° countersunk 3/16 2024-T
M-1-B | =ccecma-m T do do - 3/16 Do.
M-2-A do do do 3/16 Do.
M-2.B | - do - A0emmmm| =mmmaam d0-mmemmm 3/16 Do.
M-3-A do do do 3/16 Do.
M=3-B | mceomees 40-mmmmmen | mmcaee TR TS 3/16 Do.
M-k ANLTO-A | emeee- P Universal 3/16 1100
M-5 ANLTO-DD do- do- 3/16 2024-T
M-6 ANLTO-AD do do 3/16 2117-T
M-T7-A TLP/D/BH Tubular rivet Protruding 3/16 Monel
M-7-B | TLP/XR/BE =~ | —=ceea d0-=-==| 100° countersunk 3/16 Da.
M-8-A MS 20600 Universal 3/16 2117-T rivet, 2017-T stem
M-8-B | MS 20601 100° countersunk 3/16 Do.
M-9-A | HS 68 rivet 3/16 Type 431 stainless-steel rivet
NASL79 collar Flat 3/16 2117-T collar
M-9-B HS 67 rivet 3/16 Do.
MAS179 collar 100° countersunk 3/16 Do.
M-10-A | HS 48 rivet 3/16 Alloy steel rivet
NAS1T9 collar Flat 3/16 2117-T collar
M-10-B | HS 47 rivet 3/16 Do.
NAS179 collar 100° countersunk 3/16 Do.
M-11-A | ANL35-M Round 3/16 Monel
M-11-B | AN427-M | eeeeeo d0mmamm 100° countersunk 3/16 Do.
M-12-A | ALPPH-T bolt 3/16 Alloy steel bolt
LC-F collar Lockbolt Pan 3/16 6061-T6 collar
M-12-B | ACT 5Q09H-T bolt | ceeaec d0ecmna 3/16 Alloy steel bolt
LC-C collar | cemaea do-mun- 100° countersunk | 3/16 2024-Th collar
M-13 NASS1T screw /16 Alloy steel screw
AN363 nut Screw and nut | 100° countersunk | 3/16 Steel nut
M-14 - do do do. 3/16 Do,
M-15 51) ANS09-DD screw -do. do 3/16 2024-Th screw
2) Steel screw | ame--o A0mmmm = | mmameem 1o (o 3/16 Steel screw
AN363 nut, self- ao do- 3/16 Steel nut
locking
M-16 | —mmemmme SR, Spotweld | cmm—eemmmmemee- —
M-1T7-A | AN426-DD Solid rivet | 100° countersunk | 3/16 2024-T
M-17-B | =mevenea L LS N — -do do 3/16 Do.
M-18-A do - dOmmmmm | mmmman A0mm e 3/16 Do.
‘M-18-B do do do 3/16 Do.
M-19-A do. - do -do 3/16 Do.
M-19-B do do do 3/16 Do.
M-20 ARL2T-M do do. 3/16 Monel
M-21 do do. -do. 3/16 Do.
M-22 do A0mmrmm | memmamm do----=-- 3/16 Do.
N-1-A | AN426-DD Solid rivet | 100° countersunk 3/16 2024-T
N-1-B do do do 3/16 Do.
R-2-A do- do do- 3/16 Do.
N-2-B |- do P S— do 3/16 Do.
N-3-A do- do do- 3/16 Do.
N-3-B do do do 3/16 Do.
N-6 ANL26-A do do- 3/16 1100
N-7 ANLTO-DD —mmaeadOmm = Universal 3/16 20247
N-8 ANLTO-AD do- do- 3/16 2117-T
N-9-A | AR450-C12 Tubular rivet Oval 3/16 Mild steel
N-10-A | CR163 Cherry rivet Universal 3/16 2117-T rivet, 2017-T stem

8Designations are for aluminum alloy unless otherwise specified.
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TABLE I.- Concluded

DESCRIPTION OF SPECIMENS

(b) Skin-stringer connections

29

- Concluded
Connection Diameter
Specimen designation Type Head in. ’ Material
(a)
N-10-B | CR 563 Cherry rivet Universal 3/16 Monel rivet and stem
N-11-A | P-565~-20L-A Exploding rivet Brazier 3/16 5056
N-11-B | P-565-204-100 c==ewaedOeme-a| 100° countersunk | 3/16 Do.
N-12-A | NASLTT rivet 3/16 Alloy steel rivet
HS 60 collar Hi-shear pin 3/16 Type 321 stainless steel collar
N-12-B | NAS1T8 rivet | ~cmem-- . L, 3/16 Alloy steel rivet
HS 15 collar | =—e=ce= T S Flat 3/16 2024-T4 collar
N-13-A | ANL2T-M Solid rivet | 100° countersunk | 3/16 Monel
K-13-B | NAS508-M | ;ecaeea d0-emumm Oval 3/16 Do.
N-14-A | ALPPE-E bolt 3/16 TOTS-T6 bolt
LC-F collar Lockbolt Pan 3/16 6061-T6 collar
N-14-B | ALPPH-T bolt do do 3/16 Alloy steel bolt
LC-C collar 3/16 2024-T4 collar
N-15 AN509-C screw 5/16 Corrosion resistant steel screw
ANBE5 mut Screw and nut | 100° countersunk | 3/16 Steel nut
N-16 do Y (- S—— 3/16 Do.
R-1-A | AN426-DD S011d rivet 3/16 2024-T
R-1-B do do- 3/16 Do.
R-1-C do do- 3/16 Do.
R-1.D do do 3/16 Do.
R-2-A do - do 3/16 Do.
Re2eB | =e=cmem A0mmeamnm do 3/16 Do.
R-2-C do do 3/16 Do.
R-2-D | wmwm--udo -- do. 3/16 Do.
Ra3 ANG26=A | eme—mea AGmmmmmm 3/16 1100
R-4 ANLS6-DD PRSP 7. S, 3/16 2024-T
R-5 ARESE-AD | ccmmmee d0mm = 3/16 2117-T
R-7-A CR 363 Cherry rivet 3/16 Steel rivet and stem
R-7-B  {CR 179 do. 3/16 2117-T rivet, 2017-T stem
R-8 MS 20602 Exploding rivet Brazier 5/32 2117-T
R-9 HS ZR7 rivet 3/16 Alloy steel rivet
HS 15 collar Hi-shear pin | 200° countersunk | 3/16 2024-T4 collar
R-10-A | ANk2T-M 5011d rivet |-me—==-dO-mece-a 3/16 Monel
R-10-B | AN435-M R, T SRS Round 3/16 Do.
B-1 ANY2T-M Solid rivet |100° countersunk | 3/16 Monel
B-2 do. do. s 1 TR— 3/16 Do.
B3 do d0m—eman | cmcacme d0-wroman 3/16 Do.
S-1 ANS09 screw Screv and nut | 100° countersunk 3/16 Steel screw
AN365-A nut Steel nut, fiber insert
SU-1 Commercial 10-32{ Screw and nut | 80° countersunk | 3/16 18-8 stainless steel screw,
steel screw hexagonal nut and washer
Su-2 do do- do 3/16 Do.
SU-4 | eoamcan d0mmmmmee | commmam T RPN PRV, I. S ——. 3/16 Do.
SU-T do dQewmewe do- - 3/16 Do.
SU-8  |emcuma- A0mmemmnn | conmnan 1N (S 4G mmmmmem 3/16 Do.
sU-9 do do do 3/16 Do,
SU-10 --do- - do - do-- 3/16 Do.
sU-11 do do do 3/16 Do,
SU-12 do do do- 3/16 Do.

8Degignations are for

alurinum alloy unless otherwise specified.
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TABLE II

INTERFACE-CONDUCTANCE DATA FOR 43 GEOMETRICALLY IDENTICAL SPECIMENS WITH VARIOUS CORNECTIORS

[Unless othervise specified, all specimens had a skin thickness of 0.156 inch, flange length
in cross section of 1.25 inches, web length in cross section of 1.25 inches, 0.625-inch
distance to rivet center line, and rivet pitch of 1.00 1nch]

Average ir(xterfacz cc):?ductance,
Number Average of mean Btu/(sq ft){nr)(°F),
Specimen g":“i‘e“::gn of heat flows, a.{ Ty, OF, Of -
esigna tests Btu/(sq ft)(hr)
100 200 300 400

N-6 ANy26-A 2 34,500 778 635 524 165

N-7 AN470-DD 'S 35,250 691 650 547 b

N-8 ANLTO-AD 2 35,000 917 183 691 658

N-9-A ANLS0-C 2 33,000 420 426 419 415

N-10-A CR 163 2 33,500 556 583 528 486

N-10-B CR 563 2 35,000 681 686 587 —--

N-11-A P-565-204-A 2 34,500 168 162 161 -

K-11.-B P-565-204-100 2 34,000 93 103 103 c—-

N-12-A NASLTT rivet 2 33,000 1,132 963 895 918
HS 60 collar

N-12-B NASL768 rivet 2 34,000 1,051 1,028 950 885
HS 15 collar

N-13-A ANL2T-M 4 58,000 368 411 L2k -

N-13-B NAS508-M 2 36,000 563 583 566 535

N-1h-A ALPFH-E bolt 2 37,500 61k 579 562 ——
LC-F collar

N-14-B ALPPH-T bolt 2 32,500 621 528 460 403
LC-C collar

N-15 ANS09-C screw 2 34,500 6hh 588 545 522
AN365 nut

a§-16 ANS09-C screw 2 41,000 703 603 478 416
AN365 nut

M-k ANBOT-A 2 12,000 377 339 303 243

M-5 ANLTO-DD I 12,000 836 785 T T4

M-6 AN4TO-AD 2 10,000 1,042 b 629 649

M-T-A TLP/D/BE 2 12,000 168 435 412 435

M-7-B TLF/KR/BH 3 2,600 468 44l 394 364

M-8-A M3 20600 2 13,000 236 239 231 240

M-8-B MS 20601 2 12,500 316 275 235 21k

M-9-A HS 68 rivet 2 12,000 207 198 199 -
NASLT9 collar

M-9-B HS 67 rivet 2 11,500 802 T9 648 533
NAS179 collar

M-10-A HS UB rivet 2 11,500 537 551 467 485
NAS1T9 collar

M-10-B HS 47 rivet L 12,000 463 Lks 384 361
NAS179 collar

M-11-A ANL35-M 2 15,000 596 486 367 ——-

M-11-B ANL2T-M I 58,500 T21 T76 788 ——

M-12-A ALPPE bolt L 11,750 1,298 1,108 873 169
LC-F collar

M-12-B ACT 509H-T bolt 2 14,000 1,180 1,110 917 758
LC-C collar

M-13 NAS 517 screw L 14,500 1,749 1,364 1,076 949
AN363 nut

-1k NAS 517 screw 2 16,000 907 640 448 —-
AN363 nut

M-15 AR509-DD screw by 13,500 1,152 918 Thk 606
AN363 nut

M-16 Spotweld 2 16,000 908 806 673 633

R-3 ANL26-A 2 15,000 411 482 481 494

R-b ANY56-DD 2 16,000 806 127 594 542

R-5 ARUS6-DD 3 27,000 uh7 429 386 —-

R-T-A CR 363 2 17,000 190 199 205 -

R-7-B CR 179 2 15,000 175 183 175 175

R-8 MS 20602 2 18,000 112 131 134 140

R-9 HS 2TR 7 rivet 2 17,500 432 4oz 361 348
HS 15 collar

R-10-A ANL2T-M 4 54,250 31k 327 322 -——

R-10-B ANL35-M 2 15,000 315 345 357 3Th

83kin thickness, 0.313 in.
Pother extensive tests on this specimen are reported elsewhere in this report.
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TABLE V

HEATING HISTORY TESTS FOR SPECIMEN SU-9

[Test interval of 15 minutes with 20-inch-pound

torque on screw s]

W
1
3
9 Inte;face ct))r(lduc‘l(:anc):e ,
Btu/(sq ft)(hr)(°F
Mean heat flow
Test Btu/(sq ft)(hri at T,, F, of -

100 200 300 400

1 8,000 872 628 419 286

- 2 --do- TTh 595 508 459

3 --do- 756 633 490 470

Y --do- 769 | 558 | 490 | LO7

5 --do- 720 S4S 425 365

6 --do- 788 571 467 359

7 --do- 800 523 470 382

8 ~--do- 872 626 53% L35

9 --do- 779 535 L67 413

10 9,000 77 538 448 393

11 --do- 834 627 496 L23

12 8,000 787 | 625 | W71 | 376

13 9,000 699 545 Lok 415

14 8,000 640 Ty 415 297

15 9,000 674 | 507 | 394 | 323

16 8,000 872 630 463 kL9

17 --do- 726 598 53k 319

18 --do- 882 608 565 408

19 --do- T46 597 LL3 387

20 9,000 8y 586 550 340

21 --do- 819 639 528 428

22 --do- 691 605 426 323

23 --do- 663 5k2 L1k 343

2L --do- 823 670 502 308

25 --do- 756 635 458 364
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TABLE VI

MEAN AND MEDIAN OF INTERFACE CONDUCTANCE AND

STANDARD DEVIATION FOR SPECIMEN SU-9

[Values based on 25 tests at intervals of 15 minuteé]

Mean interface

Interface conductance,

temperature, Btu/(sq £t) (hr) (°F) Standard
oF deviation
Mean Median
100 75 77 6l.1
200 584 597 51.6
300 L72 463 464
400 379 382 53.5

O W+ =



35

292-09-T *snyegedde 4893 JO MOTA TBISUSH ~-°*T anBTd

ACT-M



36

s AT

Closeup view of test apparatus.
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10.

far- 15—
e o

Z’ ta"‘ t‘ ts
{ |

5.00

10.00- ——

(a) Specimens M-1-A to M-19-B, M-22, N-1-A to N-16, R-1-A to R-10-B, B-2,

S-1, SU-1 to SU-12.

igure 3.~ Basic configuration of contact-joint specimens.
are in inches.
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Dimensions
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10

.00

o Zf_..

- o

5.00.

10.00

(o) Specimens M-20, M-21, B-1, and B-3.

Figure 3.- Concluded.
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P/2

Cross section A

- Cross section B

}e—1.00

3.00 —————

Figure 4.- Thermocouple locations in typical contact-joint specimen.
Dimensions are in inches.
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(c) Effect of heat-flow rate; torque, 30 inch-pounds; steel screws.

Figure 9.- Continued.
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Figure 11.- Data for specimen S-1 plotted to show effect of screw torque
on interface conductance at various mean interface temperatures.
Steel screws and fiber insert nuts; interface painted with zinc chro-
mate; rate of heat flow, 31,000 to 34,000 Btu/(sq ft)(hr).
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Figure 15.- Comparative interface conductance of four identical speci-

mens (control group) tested at 2h-hour intervals (four tests per

specimen). Rate of heat flow, 8,000 Btu/(sq ft)(hr).
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Figure 16.- Comparative interface conductance of five identical speci-
mens tested at various intervals.
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